OBJECTIVE -To determine the role of peripheral nerve dysfunction (PND) in the disablement pathway.
O
f physical limitations that occur with advancing age, lower-extremity limitations are particularly evident: 14.3% of Americans Ն65 years of age report difficulty walking-a proportion increasing to 34.9% for adults Ն85 years of age (1) . Interest in loss of lower-extremity function with age relates to the observation that this loss predicts disability and loss of independence in the community (2, 3) . Accelerated decline in peripheral nerve function with age suggests that nerve function may influence functional decline, even in very old age (4) . Figure 1 is a modification of an existing framework of the pathway from disease to disability (5, 6) . Increasing with age and in the presence of diabetes, PND is characterized by loss of distal strength, impaired position sense, ataxia, and muscle atrophy, potentially contributing to lower-extremity functional limitations through impairments such as strength and balance (7) (8) (9) (10) .
Studies of PND show associations with gait abnormalities, ankle mobility, balance, and history of falls (11) (12) (13) (14) . However, these studies are limited by examination of clinicbased samples, no control of confounding, examination of only diabetic subjects, and underrepresentation of older adults (11) (12) (13) (14) . This article addresses these limitations and examines relationships between PND and both lower-extremity impairments and functional limitations. We hypothesized that older women with PND would be more impaired and have greater functional limitations in the lower extremity. We also examined if PND was associated with lower-extremity functional limitations through its effect on impairments or if PND had independent effects on functional limitations. The role of diabetes in this pathway was also examined.
RESEARCH DESIGN AND METHODS

Sampling and design
The Women' s Health and Aging Study (WHAS) includes 1,002 moderately to severely disabled women Ն65 years of age.
Participants were selected from Medicare lists of 12 contiguous zip codes in Baltimore, Maryland, excluding those with severe cognitive impairment (15) . Selection and characteristics of WHAS participants have been published (16, 17) . WHAS received approval from the Institutional Review Board of the Johns Hopkins University. Participants provided informed consent.
Large-fiber peripheral nerve function Large-fiber sensory nerve function was quantified by vibration perception threshold (VPT) with the Vibratron II (Physitemp Instruments, Clifton, NJ). The Vibratron II measures sensitivity of the great toe in detecting vibratory stimuli. Higher values for VPT indicate that a stronger stimulus was needed to elicit a response, reflecting worse PND. The forced-choice protocol used in WHAS has been described and validated (16, 18, 19) . Categories of PND are based on deviations from age-specific normal values: for adults Ͼ65 years of age, Ͻ3.43 U defines the upper limit of normal function, 3.43 to Ͻ4.87 U indicates mild dysfunction, 4.87 to Ͻ6.31 U indicates moderate dysfunction, and Ն6.31 U indicates severe dysfunction (18) . Previous work in WHAS demonstrated the validity of these categories (4).
Lower-extremity impairments and functional limitations
Performance-based tests objectively assess physical abilities (20) . Several lowerextremity performance tests potentially related to PND were collected in WHAS, including usual and fast-paced walking speeds and ability to stand from a chair. Potentially PND-associated impairments were also measured, including balance and quadriceps strength. Usual and fast-paced walks. Participants stood at a starting line and then walked a 4-m course after a verbal command. Subjects could use walking aids, but not the assistance of another person. Usual pace and fastest possible pace were measured. Results were evaluated as meters/second. Chair stand. Sitting in straight-back chairs with arms folded across their chests, participants were asked to stand from the chair. This task was evaluated as able/unable. Balance. Static balance was evaluated with three progressively difficult stands: 1) sideby-side: feet side by side, touching; 2) semitandem: side of the heel of one foot touching the big toe of the other; 3) tandem: heel of one foot in front of and touching the toes of the other. Maintaining the stand for 10 s constituted completion of the test. Balance tests were evaluated as able/unable. Strength. Quadriceps strength was measured by dynamometer (Nicholas Manual Muscle Tester, model BK-7454, Burr Ridge, IL) (21, 22) . Participants pushed against the dynamometer as hard as they could, with the examiner pushing to break the contraction. Quadriceps strength was evaluated in kilograms.
Sample selection
Of the 1,002 women in WHAS, 894 (89.2%) had valid VPT data. Of the 104 missing VPT data, 47 did not complete the protocol, 7 could not perform the test, 5 did not understand the instructions, 43 did not comply with the instructions, and 2 refused. More than 98 and 94% of the analysis sample had data for binary and continuous outcomes, respectively. Four additional women reported diabetes before age 30 years and were excluded.
Statistical methodology
For binary outcomes, the 2 trend test was used to study PND in relation to Data are for women with a valid VPT measure. *Quadriceps strength expressed as age-adjusted kilogram. †Data are presented as unadjusted % of women who were unable to complete the task. ‡P Ͻ 0.001, trend. §Data are meters per second. ʈMeans differ from normal function at P Ͻ 0.001. ¶Means differ from normal function at P Ͻ 0.01.
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lower-extremity impairments and functional limitations. For continuous outcomes, generalized linear models were used to examine PND in relation to ageadjusted mean performance levels. Logistic and linear regression models were used to examine PND in relation to impairments and functional limitations, adjusted for age and potential confounders. The normal PND group was considered the reference. To determine if PND influenced functional limitations by influencing impairments, models predicting functional limitations included both impairments and PND. Reported diabetes was examined to determine its effect in the presence of PND. Potential confounders included BMI, osteoarthritis of the hips or knees (present/absent), history of stroke, and visual acuity. A PND-associated trend was observed also for the chair stand. Failure to complete this test increased from 8.8% in the normal PND group to 30.6% in the severe group. Women at each PND level had significantly slower walking speeds than those in the normal group. Usual walking speed was 0.51 and 0.65 m/s in the severe PND and normal groups, respectively. Fast-paced walking speed yielded similar results. Women with mild and moderate PND had similar walking speeds, but these speeds were significantly slower than those of the normal group.
Regression model 1 is adjusted for age, and model 2 is adjusted further for reported diabetes and potential confounders (Table 2 ). Model 1 indicated that PND was associated with prevalence of impairments and functional limitations, and the magnitude of odds ratios (ORs) generally increased with increasing PND. Adjustment for confounders attenuated the ORs somewhat (model 2), but severe PND remained associated with a threefold increased odds of inability to complete the chair stand and tandem stand. PND also remained associated with inability to complete the semi-tandem stand. For these outcomes, the ORs for mild and moderate PND were similar, but the OR for severe PND was considerably larger. Reported diabetes was not associated with these outcomes in the presence of PND.
Age-adjusted decrements in walking speed associated with mild and moderate PND were similar (Ϫ0.08 m/s for usual *Relative to women with normal peripheral nerve function. †Model 1 is adjusted for age. ‡Model 2 is adjusted for age, reported diabetes, BMI, visual acuity, arthritis, and history of stroke. Adjustment for multiple confounders reduced the number of participants available for analysis as follows: chair stand, n = 755; side/side stand, n = 761; semi-tandem stand, n = 761; tandem stand, n = 760; quadriceps strength, n = 705; usual-paced walk, n = 754; fast-paced walk, n = 731.
pace and Ϫ0.13 and Ϫ0.12 m/s for fast pace, respectively), but decrements for severe PND were larger (Ϫ0.15 and Ϫ0.24 m/s for usual and fast pace, respectively). Reported diabetes was not associated with walking speed in the presence of PND. If PND were associated with functional limitations only through impairments, the apparent effect of PND would be diminished or eliminated when examined together with impairments in models predicting functional limitations. However, PND remained significantly associated with functional limitations in the presence of impairments, and this association persisted after further adjustment for confounders (Table 3) . Reported diabetes was not significant in these models (data not shown). Table 4 demonstrates that although a portion of the association between PND and lower-extremity functional limitations appeared to operate through impairments, impairments did not explain all or even a majority of these associations.
CONCLUSIONS -We demonstrate associations between large-fiber PND and impaired balance and functional limitation in walking speed and ability to rise from a chair. An association between PND and balance has been shown in studies of diabetic individuals (23) (24) (25) , and relationships between diabetic neuropathy and gait abnormalities have been published (11, 12) . We extend findings from diabetic populations to a population of older adults whose PND occurs both in the presence and absence of diabetes. Indeed, Ͼ80% of our sample did not report diabetes, yet associations for PND were evident when adjusted for diabetes.
These results provide a new framework in which PND contributes to functional limitation through PND-associated impairments. Impairment in PND-associated abilities, such as balance and strength, may lead to functional limitations and, ultimately, to disability. We showed that PND-associated impairments did not explain all of the association between PND and functional limitations, suggesting that PND may have independent effects on functional limitations. An alternative explanation is that PND influences functional limitations through pathways other than those examined here.
Diabetes is associated with decreased function in older adults (26) (27) (28) . One study suggested that pain and light-touch sensation account for associations between diabetes and functional limitations (28) . Our work on PND and diabetes in WHAS showed significant associations between reported diabetes and PND (4), but our finding of no association between diabetes and functional limitations when accounting for PND suggests a limited direct role of diabetes with respect to the outcomes. It should be emphasized that diabetes was ascertained by self-report in WHAS, not by fasting glucose. Misclassification would have underestimated the number of diabetic women, potentially limiting the power to detect an association between diabetes and function.
WHAS included three progressively difficult balance tasks, which allowed examination of PND on a single test, as well as the effect of increasing test difficulty within PND level. PND was associated with greater impairment on all balance tests. That 90% of women with severe PND could not complete the tandem stand suggests that this simple test may be specific for identifying individuals with the most severe deficits. Our findings are consistent with previous studies demonstrating associations between PND measured by VPT and impaired proprioception (24, 25, 29) . A key question that cannot be answered here is whether further adjustment for PNDassociated impairments would have abolished the residual association between PND and functional limitations.
Conduction velocity of the median nerve has been associated with decrements in grip strength, indicating a link between peripheral nerve function and strength (30) . We did not observe an association between PND measured by VPT and quadriceps strength. This negative finding was not surprising, because VPT is a measure of sensory function, not motor nerve function, and an association between VPT and quadriceps strength would have been unexpected. However, it should be noted that PND follows a distal-to-proximal pattern, making a potential PND-associated change in quadriceps strength a relatively late manifestation of PND-another potential explanation for our negative findings. Quadriceps strength might have been associated with motor nerve function had such a measure been collected in WHAS. Supporting this possibility are findings from previous studies showing age-associated decrements in motor nerve function and loss of muscle strength (31, 32) . To fully explore the role of PND in the disablement pathway, availability of data on both sensory and motor function as well as specific impairments related to these distinct modalities is ideal. 
Walking is critical for maintenance of independence in the community (2). Simple activities such as housework involve walking, making the PND-walking association important for older adults' independence. Unlike housework, where walking speed is not crucial, there are instances in community living when achieving a minimum gait speed is critical for safety. An example is crossing the street at signaled intersections. In a study of adults Ն72 years of age, Ͻ1% of participants had walking speeds sufficient to cross a typical signaled intersection (33) . The association between PND and walking speed suggests that interventions aimed at reducing the functional consequences of PND may enhance older adults' maintenance of independence.
The WHAS cohort consists exclusively of women, precluding examination of sex effects. Despite this limitation, it is known that women live longer than men (1) and that older women experience more disability than older men (34), making potentially modifiable disability risk factors in older women a public health priority. WHAS participants were selected based on disability, making them somewhat unrepresentative of women who are Ն65 years of age. However, WHAS provides a unique opportunity to study PND and physical abilities in a large sample of individuals whose disabilities could have masked these associations had they been weak. In summary, this study demonstrates significant cross-sectional associations between large-fiber peripheral nerve dysfunction and both lower-extremity impairments and functional limitations. PND-associated impairments in balance appear to account for some, but not all, of the association between PND and functional limitations. Further research is needed to distinguish the roles of sensory and motor nerve function on physical limitations and disability and whether either or both of these modalities are causally related to disability in old age. 
